the activity of such xenobiotic phase 2 enzymes as glutathione Auraptene (AUR), a citrus coumarin derivative, is one S-transferase and quinone reductase in tongues, livers and of the promising chemopreventive agents against skin, colons (7,9,10). Furthermore, AUR was found to increase liver tongue, esophagus and colon carcinogenesis in rodents. We glutathione S-transferase activity in a dose-dependent manner, reported previously that AUR suppresses superoxide anion but did not affect hepatic cytochrome P450 activity (11).
(O 2 -) generation from inflammatory leukocytes in in vitro
Therefore, selective induction of phase 2, but not phase 1, experiments. In the present study, we investigated the antienzyme activity by AUR may play an essential role in the inflammatory activities of AUR using a 12-O-tetradecanoylaction mechanism during the initiation stage of carcinogenesis. phorbol-13-acetate-treated mouse skin model, and comHowever, little is known regarding the action mechanisms of pared them with those of umbelliferone (UMB), a structural AUR in the post-initiation stage. analog of AUR that is virtually inactive toward O 2 -generaInflammation is a universal and physiological response in tion inhibition. Double pre-treatments of mouse skin with the processes of carcinogenesis. Treatment with UV light, AUR, but not UMB, markedly suppressed edema formaendotoxins or chemical tumor promoters is known to lead to tion, hydrogen peroxide production, leukocyte infiltration, chemotaxis, differentiation and infiltration of inflammatory and the rate of proliferating cell nuclear antigen-stained leukocytes, including neutrophils and macrophages which cells. These inhibitory effects by AUR are attributable to produce reactive oxygen species (ROS), prostaglandins (PGs) its selective blockade of the activation stage, as revealed by and cytokines. In fact, there is ample evidence showing that single pre-treatment experiments. In a murine macrophage treatment(s) of mouse skin with single or multiple doses of TPA line, RAW 264.7, AUR significantly attenuated the lipopolyinduce(s) superoxide anion (O 2 -) generation (12), hydrogen saccharide-induced protein expression of inducible isoforms peroxide (H 2 O 2 ) formation (13), PGE 2 and PGF 2α production of both nitric oxide synthase and cyclooxygenase, with (14) , cyclooxygenase (COX)-2 expression (15), as well as the decreased production of nitrite anion and prostaglandin release of tumor necrosis factor α (TNF-α) (16) and interleukin-E 2 , and yet suppressed the release of tumor necrosis factor-1α (IL-1α) (17). Thus, activated inflammatory leukocytes are α. Conversely, UMB did not show any inhibitory effect.
considered to play an important role in carcinogenesis. We This contrasting activity profile between AUR and UMB reported previously that AUR is a potent suppressor of 12-Owas rationalized to be a result of their distinct differences tetradecanoylphorbol-13-acetate (TPA)-induced O 2 -and H 2 O 2 in cellular uptake efficiencies, i.e. the geranyloxyl group in production in dimethyl sulfoxide (DMSO)-differentiated AUR was found to play an essential role in incorporation.
human promyelocytes (HL-60) which mimic neutrophils (6).
Thus, our findings indicate that AUR is an effective agent to
However, the suppressive efficacy of AUR on activated attenuate the biochemical responsiveness of inflammatory leukocyte-induced inflammatory responses in vivo remains to leukocytes, which may be essential for a greater underbe demonstrated. Wei et al. (13) reported that double applicastanding of the action mechanism that underlies its inhibitions of TPA to mouse skin led to excessive ROS production. tion of inflammation-associated carcinogenesis.
Ji and Marnett (18) designated these two application stages as 'priming' (the first stage, as illustrated by leukocyte recruitment, maturation and infiltration of inflammatory leukocytes Introduction into inflamed lesions) and 'activation' (the second stage, as The ingestion of citrus fruit has been reported to be beneficial illustrated by ROS production from accumulated leukocytes), for the reduction of certain types of human cancer (1) . Several respectively.
In the present study, we attempted to determine whether addition, the suppressive effects of AUR on lipopolysaccharide levels of nitrite anion (NO 2 -), PGE 2 and TNF-α, and the cellular lysates were (LPS)-induced nitric oxide synthase (iNOS) and COX-2 used for detection of iNOS and COX-2 protein expression by western blotting, expression, as well as TNF-α release, were examined using a as described below.
murine macrophage line, RAW 264.7. Furthermore, the role
of leukocyte activation attenuation by AUR in its anti-
The supernatants were subjected to a Griess assay to measure the concentrations carcinogenic action mechanism is discussed.
of NO 2 -in the media, as reported previously (20) . Each experiment was done independently in duplicate twice, and the data are reported as means Ϯ SD.
Materials and methods

PGE 2 determination
The supernatants were measured for PGE 2 concentration using a commercial Materials experimental kit (Cayman) according to the protocol of the manufacturer. AUR was isolated from satsuma mandarins, as reported previously (6) . UMB Each experiment was done in triplicate, and the data are reported as means was obtained from Extrasynthèse (Genay, France) and TPA from Research Ϯ SD. Biochemicals International, Natick, MA. Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum were purchased from Gibco BRL, NY. LPS TNF-α determination (Escherichia coli serotype 0127, B8) was purchased from Difco Labs (Detroit,
The supernatants from RAW 264.7 cells stimulated for 3 h were measured MI) and N-iminoethyl-L-ornithine (L-NIO) from Cayman (Ann Arbor, MI).
for TNF-α concentrations in the media using a commercial experimental kit All other chemicals were purchased from Wako Pure Chemical Industries Co.
(Endogen Inc., MA) according to the protocol of the manufacturer. Sample Ltd (Osaka, Japan), unless specified otherwise.
concentrations of AUR and UMB were 5, 10, 20 and 100 µM, respectively. Each experiment was done in triplicate, and the data are reported as means Cells and animals Ϯ SD. RAW 264.7 cells were kindly donated by Ohtsuka Pharmaceutical Co. Ltd (Ohtsu, Japan), and cultured in DMEM with 10% fetal bovine serum in a Western blotting humidified 5% CO 2 incubator. Female ICR mice aged 7 weeks (Japan SLC, After the stimulated RAW 264.7 cells were washed, a boiling lysis solution Shizuoka, Japan) were used in the animal experiments. The mice were kept (1% sodium dodecyl sulfate, 1 mM sodium vanadate and 10 mM Tris buffer, under an artificial day-night rhythm and were fed CE-2 rodent pellets (Japan pH 7.4) was added to the cells, which were then scraped from the dish, SLC), while fresh tap water was available ad libitum. The mice's back skin sonicated and boiled for 10 min. Ten micrograms of the proteins were was shaved with an electrical clipper 2 days before treatment.
separated on 10% polyacrylamide gels and electrophoretically transferred onto polyvinylidene difluoride membranes (Millipore, MA). After blocking, the Double TPA treatments of mouse skin membranes were incubated with a primary antibody (anti-mouse iNOS, 1:1000 A double TPA treatment experiment was performed as reported previously (19).
dilution; Affinity Bioreagents Inc., Golden, CO) and then a secondary antibody Each experimental group consisted of five mice. AUR or UMB (810 nmol in (peroxidase-conjugated swine anti-rabbit IgG, 1:1000 dilution; Dako, Glostrup, 100 µl acetone) or acetone (100 µl) was topically applied to the shaved area of Denmark). The blots were developed using an enhanced chemiluminescence the dorsal skin 30 min before application of a TPA solution (8.1 nmol in 100 µl detection kit (Amersham Life Science, Little Chalfont, UK). The antibodies acetone). After 24 h, the same dose of the test compounds, or acetone and TPA, were stripped and the blots were then successively reprobed with each primary was applied to the same region. Mice were killed by cervical dislocation 1 h antibody. The first incubation was with either goat anti-rat COX-2 (crossafter the second TPA treatment, and then biochemical parameters were measured reacts with mouse counterparts, 1:1000 dilution; Santa Cruz Biotechnology as described below. We divided the mice into six groups as follows: group 1 Inc., Santa Cruz, CA) or rabbit polyclonal anti-β-actin antibody ( conjugated rabbit anti-goat IgG, 1:1000 dilution (Dako) or (ii) peroxidase-H 2 O 2 and edema formation conjugated swine anti-rabbit IgG (1:1000 dilution; Dako). The levels of iNOS Measurements of the levels of H 2 O 2 and edema formation were performed as or COX-2 bands were corrected using those of β-actin as an internal standard. reported previously (19). In brief, skin punches (epidermis and dermis) were Each experiment was done independently in duplicate twice, and the data are obtained from excised dorsal skins with an 8 mm diameter cork borer and reported as means Ϯ SD. weighed with an analytical balance. The skin punches were minced in 3 ml
Measurement of cellular uptake of 50 mM phosphate buffer (pH 7.4) containing 5 mM sodium azide, and Cellular uptake efficiency was measured as reported previously (20), with then homogenized twice at 4°C for 30 s. The homogenate was centrifuged at slight modifications. Ten microliters of a test compound solution (10 mM in 10 000 g for 20 min at 4°C. The H 2 O 2 content was determined by the phenol DMSO) (50 µM as final concentration) were added to RAW 264.7 cells red-horseradish peroxidase method. The data are reported as means Ϯ SD.
cultured to confluence on a 35 mm dish. After time points of 0, 0.5, 1 or Histological examination 7 h, the medium was removed, and the cells were washed with 1% BSA in Excised skin was fixed in 10% buffered formalin and then embedded in PBS (1.5 ml) twice and then combined again with the medium, followed paraffin. Skin sections (3 µm) were stained with hematoxylin and eosin, then by extraction with 5 ml ethyl acetate for measurement of extracellular photographed, after which the number of infiltrating leukocytes was counted compounds. The ethyl acetate layer thus obtained was dried in reduced at five different areas of each section. The data are reported as means Ϯ SD. pressure at 45°C, and then dissolved in 50 µl ethyl acetate for high-performance liquid chromatography (HPLC) analysis. For intracellular measurement, cells Proliferating cell nuclear antigen (PCNA) immunohistochemistry were trypsinized and washed with PBS twice, followed by centrifugation A PCNA immunohistochemistry was performed as reported previously (19).
(4°C, 10 000 g). After being partitioned between 5 ml PBS and 5 ml ethyl Three mice were used for each experiment. In brief, skin sections were treated acetate, the bi-phasic solution thus obtained was sonicated for 10 s twice on with 1.2% H 2 O 2 in absolute methanol for 30 min and stained by the ice. The ethyl acetate layer, combined with ethyl acetate extracts from the indirect avidin-biotin-horseradish peroxidase method (ABC standard; Vector water layer, was treated in the same manner as described above and analyzed Laboratories, Burlingame, CA). Color development with diaminobenzidine by HPLC, also as described above. The HPLC conditions were as follows: (Vector laboratories) was monitored by the appearance of normal PCNA column, Zorbax Sil (4.6ϫ250 mm; Hewlett Packard, Tokyo, Japan); brown staining in normal epidermis. The primary antibody to PCNA (PC10; temperature, 35°C; mobile phase, 40% ethyl acetate in n-hexane; flow rate, Boehringer Mannheim, Mannheim, Germany) was applied at a 1:300 concentra-0.3 ml/min; detection, UV 320 nm. The retention times of AUR and UMB tion overnight at 4°C. The PCNA-labeling index of skin squamous epithelium were 15.4 and 25.1 min, respectively. was counted at six different areas of each section using an image analysis Protein determination system, and then expressed as (number of positive squamous cells/total number of squamous cells)ϫ100. The data are reported as means Ϯ SD.
Protein concentrations were determined using a DC Protein Assay kit (BioRad Laboratories, Hercules, CA). BSA was employed as the standard. Each Stimulation of RAW 264.7 cells experiment was done in triplicate, and the data are reported as means Ϯ SD. Murine macrophage cell line RAW 264.7 cells, cultured to confluence in Statistical analysis and inhibitory rate (IR) 2 ml of DMEM on a 35 mm dish, were treated with LPS (100 ng/ml), tetrahydrobiopterin (10 mg/ml), L-arginine (2 mM) and a test compound
The statistical significance of differences between groups in each assay was assessed by a Student's t-test (two-sided) that assumed unequal variance. The 
Histological examination of mouse cutis
Leukocyte infiltration and expression of a cell proliferation marker were investigated histologically. No detectable acute toxicity was observed in any group. A great number of leukocytes were observed infiltrated into the cutis (dermis and dermis) after double-dose TPA treatments, when compared with group 1 (27-fold) (Table I, Figure 2A and B), as revealed by hematoxylin and eosin staining. Double pre-treatments with AUR (group 3) caused a nearly complete blockade of leukocyte infiltration (IR ϭ 92%, P Ͻ 0.001) ( Table I and Figure 2C ). Furthermore, this suppressive efficacy was notably reproduced by a single application during the activation stage (group 5) (IR ϭ 90%, P Ͻ 0.001) ( Table I ; Figure 2E ), but not the priming stage (IR ϭ 8%) (Table I; Figure 2D ). A quite similar tendency was observed when measuring the PCNA-labeling index, a cell proliferation marker. In the epidermis, the PCNAlabeling index increased by double-dose TPA (1.7-fold as compared with group 1; P Ͻ 0.001) ( Table I ; Figure 3A and Results B). The inhibitory effect shown by a single pre-treatment of AUR during the activation stage (IR ϭ 84%, P Ͻ 0.001) was Suppression of double-dose TPA-induced edema and H 2 O 2 comparable with that of double pre-treatment (IR ϭ 90%, P formation Ͻ 0.001) (Table I; Figure 3C and E). Conversely, pre-treatment In groups 2-6 (Table I) , TPA (8.1 nmol) was topically during the priming stage had no effect at all (IR ϭ 6%) (Table applied to the dorsal skin of mice twice within a time interval I; Figure 3D ). of 24 h. Treatment with double-dose TPA (group 2, 8.1 nmol Suppression of iNOS and COX-2 expression in RAW 264.7 cells each) led to a dramatic elevation of edema weight (2.7-fold) and H 2 O 2 generation (12.5-fold), in the dermis and epidermis Suppressive effects of AUR on iNOS and COX-2 protein 1 h after the second TPA application, as compared with the expression were examined by western blotting using LPS vehicle control (group 1). AUR or its analog UMB (Figure 1) (100 ng/ml)-stimulated RAW 264.7 cells, a murine macrophage was also topically applied 30 min prior to each TPA treatment.
cell line. Concentrations of NO 2 -and PGE 2 (the major products UMB is a negative control that has no inhibitory potential for synthesized by iNOS and COX-2, respectively) in the media, O 2 -generation in vitro (6) . As shown in Table I , double prewere also measured. L-NIO, a substrate analog iNOS inhibitor, treatment with AUR substantially suppressed both edema and and UMB were used as positive and negative controls, H 2 O 2 formation, by 43 (P Ͻ 0.01) and 85% (P Ͻ 0.001), respectively. Cell viability, as measured by an MTT assay, in respectively, whereas that with UMB (810 nmol, group 6) each experiment was consistently ജ90% when compared with failed to decrease these inflammatory indicators (IR ϭ 21 and the cells treated only with LPS (data not shown). Though 1%, respectively, neither statistically significant). Subsequently, barely detectable in non-stimulated cells, iNOS protein was we addressed a question regarding which stage, either priming highly (25-fold) expressed after LPS-treatment for 12 h ( Figure  ( suppressed iNOS protein expression (IR ϭ 16%, P Ͻ 0.05; remarkably suppressed edema (IR ϭ 29%, P Ͻ 0.02) and and 59%, P Ͻ 0.001, respectively) as well as NO 2 -formation H 2 O 2 (IR ϭ 84%, P Ͻ 0.001) formation, the same during the (IR ϭ 25%, P Ͻ 0.05; and 60%, P Ͻ 0.01, respectively). priming stage was much less effective (IR ϭ -15 and 35%, P However, and unexpectedly, L-NIO at a concentration of 20 µM also attenuated iNOS expression (IR ϭ 57%, P Ͻ 0.01), Ͻ 0.001, respectively). -and PGE 2 concentrations were determined using a commercial experimental kit and the Griess method, respectively. Western blotting was performed as described in Materials and methods. The iNOS/COX-2 band levels were corrected using β-actin as the internal standard. (A) iNOS and NO 2 -; (B) COX-2 and PGE 2 . *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 versus positive control using Student's t-test. One representative picture is shown. Each experiment was done independently in duplicate twice, and data are reported as means Ϯ SD.
at 5-20 µM) and PGE 2 production (IR ϭ 20-73% at 5-20 µM). L-NIO at a concentration of 20 µM also inhibited protein expression and prostanoid synthesis (IR ϭ 60%, P Ͻ 0.01; and 43%, P Ͻ 0.05, respectively).
Suppression of TNF-α release
The suppressive effect of AUR (5-20 µM) was also evaluated using 100 ng/ml LPS-stimulated RAW 264.7 cells. After stimulation of the cells for 3 h, no marked cytotoxicity was observed in any of the experiments (data not shown). Whereas no detectable TNF-α release was observed in nonstimulated cells, the media concentration of TNF-α was 7.2 Ϯ 1.0 ng/ml/mg protein ( Figure 5 ). AUR at concentrations of 10 and 20 µM suppressed TNF-α release in a concentrationdependent manner by 24.9 (P Ͻ 0.02) and 83.9% (P Ͻ 0.001), respectively, whereas UMB, even at a concentration of 100 µM, did not suppress TNF-α release. Cellular uptake or UMB at a concentration of 50 µM was quantified using HPLC at time points of 0, 0.5, 1 and 7 h after sample addition. As shown in Figure 6A , while a marked cellular uptake of AUR (12.5-22.4% of the total incubated) was observed in the extracellular amounts of AUR (72.3-85.6%) were significantly (P Ͻ 0.05 or P Ͻ 0.01) lower than those of UMB time range of 0.5-7 h, UMB was found to be barely (0.5-2.2%) incorporated into the cells at all times tested. Accordingly, the (95.3-97.2%) ( Figure 6B ).
(19) that leukocyte infiltration was increased by 1.7-fold at 1 h after a second TPA treatment, suggests that chemotactic factor(s) working at the activation stage might be released from accumulated leukocytes, whereas, as reported previously, those at the priming stage come from keratinocytes (33) . Therefore, AUR treatment during the activation stage might suppress the release of unidentified chemotactic factor(s) from activated leukocytes. Taken together, these findings demonstrate that AUR is a selective inhibitor of activation, but not at the priming stage. Moreover, the chemopreventive effects of AUR may partially be rationalized by its attenuation of leukocyte activation. and TNF-α release. To our knowledge, there is no report showing the chemopreventive effect of UMB in contrast to AUR. The distinct differences in their cellular uptake Discussion efficiencies may reasonably explain their in vitro and in vivo activity differences. The geranyloxyl group, presumably acting Chronic inflammation disorders are estimated to cause 21% of the new cancer cases in developing countries and 9% of as the carrier group of AUR for incorporation into cells, has also been reported to be an important structural moiety of those in developed countries (21). Upon infection with such organisms as a virus or bacteria, one of the notable immune bergamottin (8-geranyloxypsoralen) to suppress NO generation (20) . It is of interest to note that both geraniol and geranyl responses is leukocyte infiltration and activation. The present study was undertaken to provide experimental evidence that acetate showed weak suppressive activity toward LPS-induced NO 2 -production in RAW 264.7 cells since their IRs at a citrus AUR can attenuate TPA-induced inflammatory responses in activated leukocytes, and to understand its action concentration of 100 µM were 40 and 4%, respectively, and they were completely inactive at 20 µM (unpublished data). mechanisms that underlie a series of anti-carcinogenesis effects in the initiation and post-initiation stages (6-10). ROS These results suggest the importance of both the coumarin and geranyl moieties in AUR for suppressing LPS-induced generated from stimulated leukocytes are thought to play some substantial roles in the initiation stage through the activation signaling pathways in RAW264.7 cells. On the other hand, we have reported that 7-alkyloxylcoumarins are notable monoof certain procarcinogens (22). In the post-initiation stage as well, excess amounts of leukocyte-produced ROS kill functional inducers for phase 2 enzyme activity, since 7-ethoxycoumarin and AUR (7-geranyloxycoumarin) selectively neighboring normal cells, giving rise to the clonal expansion of initiated or premalignant cells that have already acquired induce glutathione S-transferase activity, while UMB and other types of substituted coumarins are bi-functional or monophenotypic resistance to oxidative stress and apoptosis. The TPA-induced mouse skin inflammation model is a convenient functional inducers of cytochrome P450 activity (11). Thus, AUR may be one of the most promising coumarin-related system to investigate leukocyte infiltration and its oxidative burst (13,19). We have reported previously that 1Ј-acetoxychemopreventive agents, since it bears two key structural characteristics, the geranyloxyl (efficient cellular uptake) and chavicol acetate, showing multiple suppressive effects on rodent chemical carcinogenesis (23) (24) (25) (26) (27) (28) , is a selective inhibitor 7-alkyloxyl (phase 2 induction) groups. There are an increasing number of reports showing that the of the activation stage (19). In addition, AL-1 from a subtropical herb has been found to specifically inhibit the activation stage expression of COX-2 and iNOS is closely associated with the development of cancers (34, 35 novel synthetic triterpenoids that suppressed iNOS and COX-2 protein expression, and demonstrated their potent differThe results in the present study provide biological and histological evidence that AUR has a prominent ability to entiating, anti-proliferating and anti-inflammatory activities (37). Elevation of COX-2 activity is responsible for the suppress TPA-induced oxidative stress and inflammation through attenuation of the responsiveness of activated leukoenhanced synthesis of prostanoids, including PGE 2 , that stimulate bcl-2 activity and thereby inhibit apoptosis, as well cytes. In the double-dose TPA model, AUR during the priming stage did not show any suppressive effect on TPA-induced as for the induction of IL-6 that enhances cancer cell invasion (38) . On the other hand, NO is rapidly and non-enzymatically edema or H 2 O 2 formation, which is in accordance with our recent study where AUR did not suppress single TPA reacted with O 2 -to form peroxynitrite anion, a highly toxic molecule causing a wide range of DNA and protein modificaapplication-induced edema formation in mouse ears (32). UMB, showing no suppressive effect on O 2 -generation in cell tions (39) . Pro-inflammatory cytokines, TNF-α and IL-1 (40-42), play some critical roles in the processes of inflammacultures (6), exhibited no in vivo antioxidative potential. Thus, leukocyte activation is involved in TPA-induced oxidative tion and tumor development. TNF-α, exhibiting versatile physiological functions, induces the biosynthesis of matrix stress mechanisms and can be counteracted efficiently by AUR. In this study, AUR at the priming stage did not show any metalloproteinase and plasminogen activator (43), expression of COX-2 (44) and iNOS (45) , and skin tumor promotion suppression of leukocyte infiltration, while double pre-treatments or treatment only at the activation stage were remarkably (41,42). While IL-1α is an initial pro-inflammatory mediator released from mouse keratinocytes in the process of tumor effective to attenuate infiltration. Our previous observation in ICR mouse skin, possibly through suppression of superoxide generation promotion (42), we did not see any suppressive effect of AUR 
